The label-free quantitative mass spectrometry methods, in particular, the SWATH-MS approach, have 23 gained popularity and became a powerful technique for comparison of large datasets. In the present 24 work, it is introduced the use of recombinant proteins as internal standards for untargeted label-free 25 5 considering the multitude of proteomics samples, the use of a universal "housekeeping" proteins may 61 be very challenging. Based on these limitations, the use of IS is residual in large untargeted label-free 62 proteomics screenings, being substituted by the application of normalization methods, generally used 63 in genomics and transcriptomics microarray analysis [11] . These normalization methods correspond to 64 mathematical algorithms that are dependent on properties/features of the dataset. Thus, different 65 methods may be applied to different types of screening [11, 12] making it impossible to identify a 66 standard method. 67
methods. The proposed internal standard strategy reveals a similar intragroup normalization capacity 26 when compared with the most common normalization methods, with the additional advantage of 27 maintaining the overall proteome changes between groups (which are lost using other methods). 28 Therefore, the proposed strategy is able to maintain a good performance even when large qualitative 29 and quantitative differences in sample composition are observed, such as the ones induced by 30 biological regulation (as observed in secretome and other biofluids' analyses) or by enrichment 31 approaches (such as immunopurifications). Moreover, this approach corresponds to a cost-effective 32 alternative, easier to implement than the current stable-isotope labeling internal standards, therefore 33 being an appealing strategy for large quantitative screening, as clinical cohorts for biomarker discovery. 34
INTRODUCTION 35
Clinical assays and large screenings are highly informative studies that significantly contribute to 36 expand scientific knowledge given their ability to combine information acquired from large cohorts of 37 samples. The development of new label-free mass spectrometry methods able to analyze these large 38 number of samples resulted in the establishment of different MS approaches, with the SWATH-MS 39 emerging as a powerful technique for clinical applications and large screenings [1, 2] . However, in most 40 of these studies samples are analyzed separately making these methods highly dependent on run-to-41 run reproducibility [3, 4] . Therefore, the use of internal standards (IS) -which are well stablished in 42 targeted methods as one of the most important tools to obtain an accurate quantification [5] -43 corresponds to a valuable tool to correct for analytical variability and normalize data between 44 experiments. 45
When only few molecules are analyzed, the most commonly used IS strategy is stable-isotope labeled 46 (SIL) alternatives of the molecule of interest. This will induce a mass shift in the IS allowing the 47 distinction between the IS and the analyte, while no major changes are induced in the remaining 48 biochemical properties [5, 6] . Alternatively, strategies involving the labeling of entire proteomes have 49 been applied for the quantification of a large number of proteins. In these methods, termed as 50 global/whole proteome internal standard strategies, the labeled proteome is diluted into the samples 51 and protein quantification is performed between the pair of unlabeled and labeled peptides [7, 8] . 52 However, for untargeted proteomics a large variety of peptides can be generated and analyzed and, 53 therefore, the use of an isotopically labeled standard may not properly represent sample 54 heterogeneity. Moreover, the global proteome internal standard leads to an increase in sample 55 complexity, resulting in a reduction in the number of protein identified in a single analysis. Additionally, 56 the preparation of isotope-labeled compounds is time-consuming and expensive [9] , precluding their 57 use in routine analysis or in high throughput screenings. 58
Less common alternatives, include the use of analogous proteins [10] (targeted semi-quantitative 59 applications) or the use of "housekeeping"-like proteins (pseudo internal standards) [9] . However, 60 6 processing in the quantification of the IS, and finally comparing its normalization ability against a well-88 established normalization method. 89
RESULTS

90
Proteomics characterization of the internal standard mixture 91
The IS mixture proposed in this work was constituted by the recombinant proteins GFP (originally 92 isolated from the jellyfish Aequorea victoria [13] ) and MBP (part of the maltose/maltodextrin system 93 of gram-negative bacteria [14] ), both widely used as tools of genetic engineering: GFP is mainly used 94 as a reporter for in vivo study of protein translocation [13] , and MBP as a solubility enhancement tag 95 for recombinant protein production, as well as its maltose binding activity used in protein affinity 96 purification [15] . Sequence alignment against the entire reviewed UniProt database (Supplementary 97 Table 1 ) further confirmed that both GFP and MBP only share sequence similarity to a restricted 98 number of proteins from similar species and not to the proteome of the mammalian organisms most 99 commonly used in proteomics screenings (human, mouse and rat species). Thus, these recombinant 100 proteins may be easily distinguished from the majority of proteomics samples (at least of mammalian 101 origin), confirming their suitability as internal standard candidates. 102
Additionally, mass spectrometry characterization of the IS mixture (Supplementary Table 2 
and 103
Supplementary Figures 1-2) revealed that none of the generated peptides are shared with another 104 protein from the UniProt reviewed database (without species specific restrictions), indicating that the 105 quantification of the targeted proteins will not be affected by the presence of the IS peptides, neither 106 the quantification of the IS peptides will be prejudiced by the matrix (Supplementary Figure 3) . 107
Reproducibility analysis of internal standard quantification 108
A good IS has to be consistently quantified to be able to reflect the analytical variability induced by 109 sample processing if significant variations occur. Therefore, it must have a reproducible quantitative 110 performance, not affected by the main steps of the analysis, namely: (i) mass spectrometry acquisition; 111 (ii) sample cleanup prior to mass spectrometry; and more importantly (iii) protein digestion. 112
Technical replicates were used to reduce biological variability that could mask the desired result. 126
The quantification was performed by SWATH-MS/MS essentially as described in Anjo et al. [16] , using 127 a library composed by a combination of proteins identified from the rat extract with the two proteins 128 used as internal standards (GFP and MBP). A total of 14 peptides from both recombinant proteins (GFP 129 and MBP; Supplementary Table 3 ) were used to estimate the IS levels, which corresponds to the sum 130 8 of IS was the same in all the conditions, it was also possible to evaluate the impact of sample 139 complexity. In this case, the CVs were also determined between the "-/+ extract" conditions from the 140 same experiment, and ultimately between all the experimental conditions. The largest CV variations 141 were observed with the digestion of large amounts of proteins (CV of 5.5%) but remain below the 10% 142 CV expected for technical replicates. Moreover, a similar percentage of CV was obtained when all the 143 conditions were considered, indicating that the quantification of the proposed IS was very robust, since 144 the effect of sample processing and/or complexity was minimal. 145
In addition to the observed reproducibility of the IS quantification, the peptides used as IS correlate 146 well with a common mass-to-charge (m/z) distribution of a representative number of quantified 147 peptides ( Supplementary Figure 4 and Supplementary Table 3 ), being valuable representatives of the 148 typical sample's heterogeneity. Finally, these peptides are also well distributed across the 149 chromatographic gradient (see Supplementary Table 3 ), allowing both the normalization of the protein 150 levels and the adjustment of the retention times (RT), a key issue in label-free analysis. 151
Evaluation of the normalization capacity of the IS 152
The IS must be able to reflect and accommodate sample-processing errors, and thus allow proper 153 protein quantification between replicates and between different experimental conditions. In order to 154 evaluate that capacity, the normalization using the proposed IS was compared against a well-155 established normalization method, the total intensity (TI) [12] in two different experiments. In the first 156 experiment (Figure 2a ) it was evaluated (i) the impact of high-demanding sample processing (herein 157 represented by protein precipitation with TCA) and (ii) the differences in sample complexity (induced 158 by distinct amounts of total protein extract) on the quantification reproducibility of a representative 159 number of proteins. Technical replicates of the protein extract were used, to reduce the significant 160 impact of biological variability on data reproducibility, but also to ensure that the acquired data could 161 be successfully normalized by the TI methods ( Figure 2b ), and thus allow to properly evaluate the 162 normalization capacity of the proposed IS mixture. 163 9 Based on the principle that the overall proteome content does not change [9] , it is expected that the 164 total intensity of the samples remain the same. Therefore, if any difference is observed this would 165 reflect processing errors. This principle is particularly relevant for technical replicates as performed in 166 these experiments; thus, as expected, the normalization to the total intensity (TI) was able to 167 successfully reduce the intragroup variation observed in the raw data (Figure 2c ), reducing from 75-168 100% coefficient of variation (CV) to values below 20% in the three conditions tested (considering all 169 the 747 quantified proteins, including proteins quantified with a single peptide). The normalization 170 using the proposed IS could reach a similar performance as the TI, revealing to be a good method to 171 reduce intragroup variability. 172 A good internal standard should be able to reduce the variability between replicates, but also maintain 173 the intergroup relations. To address this capacity, the ratios between the three experimental 174 conditions with different complexities were evaluated. The fold change to the 30 µg condition was 175 determined for all the proteins quantified with at least 3 peptides (proteins with highest confidence) 176 and the obtained ratios were compared with the expected values of 1 and 3.33 for the TCA/30 µg and 177 100 µg/30 µg ratios, respectively ( Figure 2d ). In the case of the of the TCA/30 µg ratio, where only 178 different samples processing methods were compared, the normalization for the total intensity leads 179 to the expected results for at least 50% of the considered proteins (25 th to 75 th quartile). However, this 180 method completely failed the 100 µg/30 µg ratio, to which the median fold change obtained was 1 181 instead of the expected 3.33. On the contrary, using the IS as normalization method it was possible to 182 reach the two expected ratios. Thus, the proposed IS proves to be able to reduce the variability among 183 replicates while maintaining the ratios between experimental conditions. Most importantly, the use of 184 the IS not only proved to be beneficial in comparison to the total intensity but also when compared 185 with a set of other 11 popular normalization methods ( Figure 2b ), which are able to largely decrease 186 the variability between replicates (Supplementary Figure 5 Rickettsia conorii [17] , and NusA-3C-PSI which is a fusion of NusA protein from E. coli with the saposin-203 like domain of a plant aspartic protease; Supplementary Figure 6 ) were added in known amounts to 204 the secretomes immediately after medium collection to be used in targeted protein quantification in 205 this analysis. These two recombinant proteins were added in low amounts ( Supplementary Table 4 ), 206 only enough to be quantified and to reflect the usual levels of the proteins analyzed. Additionally, while 207 the same amount of APRc was added in the three conditions (24h or Control, 48h and H2O2 conditions), 208
NusA-3C-PSI was added in distinct amounts in order to lead to two different ratios: 2 and 1.5-fold 209 change for H2O2/24h and 48h/24h, respectively ( Figure 3a ). The internal standards were added 210 immediately after the collection of the medium, and the entire sample was analyzed by mass 211 spectrometry, maintaining the potential variation in the total protein content. 212 A prior proteomics characterization of these two recombinant proteins confirmed that they can be 213 easily distinguished from the secreted proteins (Supplementary Figure 6 and Supplementary Tables 5 214 to 7) ensuring that a proper quantification can be achieved. The results obtained regarding the APRc 215 and NusA-3C-PSI ratios confirmed previous results; while for H2O2/24h ratios ( Figure 3b ) both types of 216 11 normalization lead to expected results (although some deviations are observed, these are not 217 statistically significant), for the 48h/24h ratios (Figure 3c ) only the normalization performed using the 218 IS resulted in the expected values (indicated by the dotted and dashed lines for NusA-3C-PSI and APRc 219 expected ratios, respectively). These two distinct results, particularly evident in the case of the NusA-220 3C-PSI, may be essentially associated with different degrees of sample complexity obtained within the 221 three secretomes, as revealed by protein identification ( Supplementary Figure 7) and most importantly 222 by total protein quantification (Supplementary Table 8 ). A similar amount of total protein was obtained 223 in the case of H2O2 and 24h allowing the use of the total intensity method. On the other hand, the total 224 amount of protein in the 48h condition is twice the amount of that obtained at the 24h condition, 225 impairing the use of methods based on the principle that the overall proteome content does not 226 change, such as TI normalization method. Similar results to those obtained with TI were observed using 227 other 11 methods proposed to be adequate for this analysis ( Supplementary Figure 8) , with a fold 228 change near 1 being obtained for NusA-3C-PSI and APRc independently of the comparison performed 229 ( Supplementary Table 9 ), as well as for all the 772 proteins quantified in the three secretomes 230 ( Supplementary Figure 9 ). These results confirm the tendency of most of the normalization methods 231 to buffer the intergroup differences, which in some cases can mask a biological result. 232
By being quantified with a lower number of peptides (only 3 peptides), the quantification of APRc is 233 more prone to errors, which may justify the observed differences for the expected ratio of 1, 234 independently of the normalization method used. To overcome that, and since the same amount of 235
APRc was added to all samples, a statistical test was applied to compare the levels of APRc among the 236 three secretomes (Figure 3d ). These results, revealed that only the normalization using the IS confirms 237 that no differences were observed between the three conditions. This further confirms that the 238 normalization using the IS can be properly applied independently of sample complexity. On the other 239 hand, with the TI normalization method, APRc was considered to be altered between the 48h and the 240 H2O2 condition, substantiating the already observed indication that this normalization method is 241 sensitive to substantial differences in sample complexity. 242 These results were validated by western blot (WB, Figure 3e and Supplementary Table 10 ) by 243 determining the NusA-3C-PSI ratio among the 48h and 24h conditions. WB analysis revealed that the 244 normalization to the IS (here only represented by GFP) was able to reach the expected ratio of 1.5, 245 while the normalization to the total intensity (total protein staining) completely failed the expected 246 ratio (calculated ratio of 0.45), confirming the results obtained in the MS analysis. Moreover, this result 247 indicates that this IS strategy can be also used in other quantitative techniques such as western blot, 248 when large differences in protein content are expected and no proper loading control is known for that 249 particular application, such as in the case of secretome analysis. 250
Since the total protein content has a key impact for the selection of the sample normalization method, 251 it was also evaluated if these differences may be taken into account in the analysis, by considering the 252 entire sample, or the same volume of sample (as tested in the previous set of experiments Figure 3a ) 253 or if the differences in the total protein content may be diluted by analyzing the same amount of total 254 protein (Figure 4a ). To perform this evaluation, a similar set up was carried out for the addition of the 255 recombinant proteins NusA-3C-PSI and APRc, but with the internal standard being added only after the 256 protein quantification and adjustment of samples to the same amount of total protein. The two 257 proteins were quantified and normalized using both IS and TI normalization methods, after which the 258 different ratios were calculated (Figure 4b and c) . In general, the use of the same amount of total 259 protein, impairs the determination of the proper relations between the analyzed samples, 260 independently of the normalization method: (1) in the case of the NusA-3C-PSI larger variations to the 261 expected value (dotted line) were observed, in particular when the normalization to the total intensity 262 is used; and (2) relatively to APRc, although no major differences were observed in the H2O2/24h ratio 263 (consistent with the minor differences observed in total protein content between these two 264 conditions, see Supplementary Table 8 ), the calculated ratio for the 48h/24h comparison completely 265 failed the expected value of 1 (dashed line). These results indicate that the entire sample or the same 266 volume of sample should be used to reflect the actual relations between samples, which is particularly 267 important when large proteome variations are expected has a result of biological regulation. 268 13 Finally, to further evaluate the importance of performing a proper data normalization, the levels of the 269 769 endogenous proteins secreted upon different conditioning periods (24 and 48h) were evaluated 270 using the two types of normalization ( Figure 5 ). As already demonstrated for the two target proteins 271 (APRc and NusA-3C-PSI, Figure 3 ) the normalization to the total intensity ( Figure 5a ) tends to eliminate 272 the differences between the two samples (proteins ratios closer to 1, correspondent to the log2 of 0 in 273 Figure5a) , which resulted in the absence of proteins with a statistical meaningful alteration between 274 the two-conditioned media. On the other hand, the normalization to the IS demonstrated to be more 275 conservative of the actual differences between the two samples, with the volcano plot revealing a clear 276 tendency for a large number of proteins being increased at the 48h conditioned medium (Figure 5b) . 277
This tendency is in accordance with the results obtained from the quantification of the protein total 278 levels in each conditioned medium ( Supplementary Table 8 ) which revealed an increase to the double 279 of the average amount of protein of the 48h-conditioned medium compared to the CM obtained after 280 24h. Moreover, this analysis also revealed a group of 372 proteins presenting a statistically significant 281 increase in the 48h condition, which is lost in the analysis using the normalization to the TI (Figure 5b The herein proposed internal standard normalization approach proved to be a transversal method 294 since: (i) it can be used for proteomics screenings of a wide range of species; (ii) it can be applied 295 independently of the magnitude of the differences in the composition of the samples, being able to 296 evaluate the dynamics of a targeted protein independently of total protein dynamics; and (iii) it can 297 also be used with alternative techniques for validation of mass spectrometry assays, such as western 298 blot. Moreover, the proposed IS method provides a more cost-effective and easier to implement 299 alternative than the current stable-isotope labeling internal standards, being therefore an appealing 300 strategy for large quantitative screenings, including biomarker discovery studies. The source of the remaining reagents, antibodies and kits used in this work is referred throughout the 346 text. 347
Subproteome fractionation -membrane enrichment 348
The membrane enriched fractionation was obtained by ultracentrifugation performed as described in 349
Anjo el al. [16, 19] . 350
Conditioned medium 351
HeLa cells were seeded at 12⨯10 3 cell/cm 2 in 55 cm 2 plates (Corning) in a total of 4 plates per condition 352 for mass spectrometry analysis or 1 plate for immunoblotting experiments. After 48 hours in culture 353 (37 ᵒC with 5% of CO2/95 % air and 95% humidity) the culture medium (DMEM medium with 10 % FBS) 354 was discarded and cells were washed twice with warm PBS to remove the remaining FBS [20] . Then, 355 the medium was changed for DMEM medium without FBS and cells were left in culture for 24 or 48 h 356 (control conditions) or, cells were treated with 1 mM of H2O2 for 40 min to promote oxidative stress 357 and then left in DMEM without FBS for 24 h. 358 After 24 h (ctrl and stress conditions) or 48 h of media conditioning, the medium was collected, 359 centrifuged at 290 xg, for 5 min at 4 °C to remove cell debris, and then concentrated using cut-off filters 360 of 5 kDa (Vivaspin20, Sartorius) [20] . The concentrated conditioned media were precipitated using 361 Trichloroacetic acid (TCA) -Acetone as described in Manadas et al., [21] and the protein pellets were 362 re-suspended in 2× SDS Laemmli buffer. 363
Recombinant proteins -Internal standard mixture and proteins used as targets in the 364 normalization assays 365
Production of MBP and GFP Internal Standards 366
The DNA construct encoding for the fusion construct 6xHis-MBP-TEV-GFP (TEV -Tobacco Etch Virus 367 protease cleavage site), cloned in pET28a vector was used to transform Escherichia coli BL21 star (DE3) 368 strain. A single colony transformant was inoculated into 20 ml Luria Bertani (LB) medium containing 50 369 μg/ml and grown overnight at 37 °C. The culture was then transferred to 1L of fresh LB medium with 370 18 50 μg/ml kanamycin and allowed to grow at 37 °C until an OD600 of 0.7. Isopropyl-beta-D-371 thiogalactopyranoside (IPTG) was then added to a final concentration of 0.5 mM to induce protein 372 expression at 37 °C. After 3 h, cells were harvested by centrifugation at 9000 xg for 15 min, 373 resuspended in 20 mM Phosphate buffer containing 500 mM NaCl and 20 mM imidazole (buffer A) and 374 cell lysis was obtained by 3 passages at 600-800 bar on an Avestin Emulsiflex C3 pressure 375 homogeneizer, followed by ultracentrifugation (100 000 xg, 20 min) for extract clarification. 376
The fusion protein was purified on a AKTA chromatographic system (GE Healthcare Life Sciences), by 377 immobilized metal ion affinity chromatography (IMAC) using a HisTrap HP, 5 ml column (GE Healthcare 378 Life Sciences). The clarified cell extract was loaded into the column and buffer A was passed to remove 379 unbound material until a stable horizontal baseline was obtained. Protein elution was performed by 380 increasing the imidazole concentration stepwise (50, 100, 300, 500 mM imidazole), and fractions from 381 each chromatography peak were analyzed by SDS-PAGE. The fractions containing the fusion protein 382 were pooled and buffer was exchanged to 25 mM Tris-HCl pH 8.0, 150 mM NaCl using a 5 ml HiTrap 383
Desalting column (GE Healthcare Life Sciences). 384
Protein was digested by incubation with TEV protease in a 1:50 ratio (w/w) at 4 °C, overnight. The 385 digested protein was passed through a 5 ml MBPTrap HP column (GE Healthcare Life Sciences) to 386 remove MBP, which was eluted by passing 10 mM maltose in PBS buffer, yielding purified MBP. The 387
MBPTrap flow-through containing the GFP and TEV protease was passed through a negative IMAC to 388 remove the TEV protease which had a N-terminus hexahistidine tag, yielding purified GFP. 389
After purification, protein purity was assessed by SDS-PAGE and the internal standard was prepared 390 by mixing the proteins in a 1:1 ratio (w/w). Protein was quantified using the 2-D Quant kit (GE 391
Healthcare) according to the manufacturer's instructions, and the samples were stored at -20 °C until 392 further use. 393
Production of NusA-3C-PSI and APRc 394
The cDNA of plant specific insert (PSI) domain of the plant aspartic protease cardosin A [22] was cloned 395 into pCoofy 16 vector [23] , coding for a fusion protein contain an N-terminal decahistidine tag, 396 19 followed by NusA protein, a human rhinovirus 3C protease cleavage site and the PSI domain at the C-397 terminus. 398
Protein expression and extract preparation was performed as for the Internal Standard. The fusion 399 protein was purified by IMAC using a HisTrap HP, 5 ml column (GE Healthcare Life Sciences). Protein 400 elution was performed by increasing the imidazole concentration stepwise (50, 100, 300, 500 mM 401 imidazole), and fractions from each chromatography peak were analyzed by SDS-PAGE. The fractions 402 from the peak with purified protein were combined and the buffer exchanged to PBS using a 5 ml 403
HiTrap Desalting column (GE Healthcare Life Sciences). 404
APRc was produced as indicated in Cruz et al., [17] . 405
Recombinant proteins were quantified using the 2-D Quant kit (GE Healthcare) according to the 406 manufacturer's instructions. All samples were stored at -20 °C until further use. 407
Analysis of the reproducibility of the Internal standard 408
For this analysis, the samples were subjected to liquid digestion as described in Anjo et al., [16] . Several 409 conditions were performed to evaluate the impact of the each of the steps usually performed in a mass 410 spectrometry approach (see Figure 1a ). 411 
